To overcome the disadvantage of the bulging effect due to non-uniform deformation in dimension measurement of the conventional ring compression test (RCT), a new measuring method for the friction factor called ring compression test with inner boss (RCT-IB) was proposed. The compression behavior of the ring with an inner boss was investigated and results showed that the change of inner boss was sensitive to friction. The non-concave profile of inner boss allows the dimensional changes to be easily and precisely measured. The calibration curves of RCT-IB were constructed and compared with those of RCT showing similar level of sensitivities at most friction conditions. The RCT-IB method was successfully used to measure the friction factors under four different lubricating conditions.
Introduction
Friction at the tool-workpiece interface has significant effects on the metal flow, forming load, surface quality and tool life in metal forming processes. Friction condition is also an important input parameter in simulating metal forming processes using commercial or in-house codes. Therefore, the friction condition mostly defined by the friction factor should be quantitatively assessed in the design and evaluation of metal forming processes. The ring compression test (RCT), which was firstly proposed by Kunogi [1] and further developed by Male and Cockcroft [2] , has been one of the most commonly used method for characterizing friction conditions in bulk forming operations [3] , and is still actively used in recent research works of forging area [4] [5] [6] .
In the ring compression test, the change of the inner diameter (ID) is sensitive to friction, and the correlation between the change of the ID and the reduction of height under different friction conditions is defined by a set of calibration curves. Different from calibration curves derived from experimental testing [2] , the theoretical calibration curves were constructed by analyzing the ring compression on the assumption of uniform deformation using an optimum upper bound method [7] and a stress analysis approach [8] . Although the accuracy was improved by introducing small deformation increments [9] , the theoretical data still did not agree well with the results obtained from experiments.
Due to non-uniform deformation, the bulging effect in the ring compression is an important factor that affects the accuracy of measurement in conventional RCT. Based on the assumption of average flow stress at each small deformation step, the parameter representing the severity of the bulge could be determined from the condition that the total energy-dissipation rate should be minimum, as proposed by [10] . By using a simple parabolic curve with one uncertain coefficient [11] and with two unknown coefficients [12] the specific friction coefficients were determined using different theoretical calculation methods to describe the bulge profile with improved correlation of the calibration curves to the experimental results.
However, there are many factors that affect the accuracy of the calibration curves, and it is extremely difficult if not impossible to construct calibration curves purely based on theoretical analysis methods. In the past two decades, the finite element (FE) method becomes commonly applied in numerical simulation of metal forming processes. The effects of strain rate, inner diameter profile and ring geometry [13] , the heat-transfer coefficient [14] , and material property, strain-rate sensitivity, and barreling [15] on the calibration curves were investigated in detail, which led to a general observation that it is not preferable to try to use generalized calibration curves regardless of the material type and test conditions for different metal forming processes [15] . Therefore, Shahriari, et al. [16] and Mirahmadi, et al. [17] tried to develop their own calibration curves for hot forging of nimonic 115 superalloy and Ti-6Al-4V under the specific temperature and strain rate range.
In addition to a group of sound calibration curves, the measurements of the ring dimensions before and after RCT testing also have a significant effect on the determined friction factor. Originally, a profile projector and a planimeter was used to obtain the mean diameter of the slightly non-circular shape upon deformation [2] . For convenience, using only a caliper the ID was measured in two directions at right angles [18] . Another method designed to measure the ID by placing a ball-bearing of known diameter onto the specimen was proposed by Hartley, et al. [19] and the ID can be calculated on the assumption of the deformed profile as a circle shape through two height dimensions accurately measured using a standard micrometer. In reality, there are many possible profiles of the ID after inhomogeneous deformation [17, 20] , which results in a seemingly simple task quite difficult to precisely capture the change of the ID from the conventional RCT.
To overcome the above limitations in conventional RCT, an alternative method to evaluate the friction conditions named as RCT-B (ring compression test with an outer boss) was proposed by the authors [21] , where the ring with an outer boss was used to substitute the typical ring specimen in compression test. The RCT-B method allows the outer diameter of boss to be measured easily and precisely, which enables more accurate measurement of friction conditions, and can be quantitatively evaluated the different lubricating effects by simply investigating the inclined angle of the outer boss. However, its sensitivity decreases significantly compared with conventional RCT when the friction factor is larger than 0.5.
In this study, the compression behavior of a ring with inner boss was investigated by experimental works and FE 4 simulation. Based on the analysis results, another measuring method of friction factor by using ring with inner boss compression test (RCT-IB) was proposed, which could be used as a complementary way to determine the friction factor in bulk forming. In the following sections, the raw material property tests, compression experimental works and corresponding FE simulations are first carried out to investigate the compression behavior of a ring with inner boss. In Section 3, according to the FE simulation results the calibration curves of the RCT-IB are constructed and compared with the calibration curves of conventional RCT. In Section 4, more experimental tests are performed to validate the RCT-IB method, and the evaluation and discussion of the friction conditions obtained from both the RCT-IB and RCT methods are given in detail. Finally, the conclusions drawn from this research are summarized in Section 5.
Compression behavior of ring with an inner boss
In this study, the proposed geometry of ring with inner boss is shown in Fig.1 . The outer diameter of the specimen is 35.0 mm and the inner diameter 20.0 mm, and the height is 10.0 mm, and the thickness and width of the inner boss is 1.6 mm and 2.0 mm, respectively. These dimensions lead to a ratio of outer diameter to inner diameter and to height to be 7:4:2 with the height of the inner boss to be 16% of the height of the ring. The above dimensions rather than the recommended ones for conventional RCT are chosen so as to ensure sufficient height reduction of the ring with an inner boss in compression. the cold forgeability, the hot-rolled raw material was annealed before compression test. The uniaxial tensile tests were carried out to obtain the stress-strain curves, as shown in Fig.2 a) . The elastic modulus E and yield stress  s can be determined to be 205GPa and 307.6 MPa. Considering the feature of stress-strain curves, a simple power law  = s + K n can be used to model the flow stress behavior with the flow stress constant K to be 890.0 MPa and the strain hardening exponent n to be 0.501. In addition, the microstructure after annealing was also investigated as shown in All specimens were machined to the dimensions presented in Fig. 1 . After turning and grinding, the specimens were shot blasted to keep similar surface finish with measured surface roughness between Ra 4.5 µm and Ra 5.5 µm, as shown in Fig. 3 . At the same time, the polished flat tools with surface roughness around Ra 0.06 µm were also achieved. A series of RCT-IB tests were carried out on a 4000 kN hydraulic press. To create different friction conditions, oil-lubricated specimens at room temperature, dry specimens at room temperature and dry specimens preheated to a high temperature of 800 o C were compressed between the flat tools. To facilitate observation, some specimens were cut into half along the meridional plane, and the results were illustrated in Fig.4 . For the oil-lubricated specimen at low friction condition, the diameter of the inner boss (IB) of the ring is expanded after deformation, and the outer profile of specimen is only slightly bugled; For the dry specimen at room temperature with a high friction condition, the diameter of IB of the ring is shrunk after compression. The effect of bulging to form a convex shape of the outer profile of the specimen becomes more significant. For the dry specimen deformed at 800 o C to generate a high friction condition, the IB is reduced significantly and the thickness of the inner boss is also increased. This results in significant bulging at the outer profile of the specimen. In general, the compression behavior is similar to the traditional ring compression which indicates that the dimensional changes of the inner boss are also sensitive to friction conditions. There are two additional observations: first, the inner boss does not deform and the edge keeps straight in all compression conditions; second, the thickness of the inner boss is increased under high friction conditions. When the friction factor is 0.2, two convex profiles separated by the inner boss are formed at the ID of the ring. With the increase of friction factor, the degree of the convex profile in the ID and OD of the ring become more apparent. The thickness of the inner boss is also increased with the friction factor. Furthermore, there is almost no deformation at the inner boss even when the friction factor increases to 0.5, as the equivalent plastic strain in the zone of the inner boss is close to 0, as shown in Figs5 a) -f). Essentially, the internal diameter of the inner boss keeps straight with height reduction when the friction factor is lower than 0.5. This would make its dimension very easy to be precisely measured.
After the friction factor is further increased, the non-uniform plastic deformation of the ring becomes more obvious, as shown in Figs 5 g ) -i). Plastic deformation also takes place at the inner boss with an enlarged thickness and the internal diameter of the IB is reduced gradually. There is an increased tendency of the convex profile of the IB with increased friction factor. As there is no concave profile to be formed at the internal diameter of the inner boss, it makes the internal diameter of the IB to be more easily measured.
Calibration curves of the RCT-IB method
Since the internal diameter of the inner boss is also sensitive to the interface friction during the compression of the ring with inner boss and easy for measurement, the compression of ring with inner boss (RCT-IB) can be used a favorable method for measuring friction conditions in bulk metal forming. Therefore, a series of calibration curves are necessary to allow the determination of friction factors under different friction conditions.
To construct the calibration curves of the RCT-IB method, the displacement of the node at the middle of the inner boss and one node at the top edge are extracted from simulation results. These displacement data can reflect the change of As shown in Fig. 8 , the calibration curves of the RCT-IB method are similar to those of the conventional RCT method.
From the enlarged view of friction factors between m=0.6 and m=1.0, there is an obvious even spacing and at the same time a degree of shift between the two groups of calibration curves from both RCT-IB and conventional RCT conditions. This gives a clear indication that the RCT-IB and conventional RCT methods have similar sensitivities in responding different friction conditions with its value from 0.6 to 1.0. As shown in Fig. 8 c) , when the friction factors are between m=0.2 and m=0.5, the reduction of internal diameter of the inner boss in RCT-IB is less sensitive than that of the inner diameter change of the ring in the conventional RCT. While the sensitivity of the RCT-IB method is slightly increased in comparison with that of the conventional RCT when the friction factor is in the range of 0.0 to 0.2, it can be observed that the scatter of the calibration curves for the RCT-IB method is significantly improved when the friction factor is less than 0.1. This would be clearly an advantage in measuring friction conditions at very low friction conditions in metal forming.
Testing results and discussion
To further evaluate the proposed RCT-IB as an effective and robust method that can be used to measure friction conditions in bulk forming, more compression tests were carried out with both the conventional RCT rings and the RCT-IB rings with an inner boss. The conventional RCT ring specimens with a ratio of 6:3:2 widely-used in ring compression test were prepared, and the nominal dimensions of the outer diameter, inner diameter and height are 36.00 mm, 18.00 mm and 12.00 mm, respectively. The compression tests between the flat tools with polished working surface were performed on the 4000 kN hydraulic press at a speed of 5 mm/s under room temperature.
During the experimental tests, three different lubricants were adopted. A group of specimens were treated by the typical zinc phosphate coating plus soaping process commonly used in cold forging of steel, the gray soap in the conversion coating adhesion to the specimen could work as a lubricant, as shown in Fig.9 a) . A liquid lubricant fortified with molybdenum disulfide (MoS 2 ) was chosen, and it can be directly sprayed and form a dry lubricating film in dark color on the specimen, as shown in Fig.9 b) . A heavy-duty oil free of chlorine with a viscosity (40 o C) of 40 mm 2 /s was also selected, and the specimen was dipped into an oil can before compression. To remove the effect of remaining residual lubricants, the working surfaces of flat tools were cleaned up with alcohol after each test. Under dry condition, the rough end surfaces of the blasted specimen shown in Fig.10 j) becomes more smooth after compressed between the polished tools, as shown in Fig.10 k) . The new generated surfaces try to succeed the surface feature from the shine tools. But some slightly local scratches appear on the end surfaces when the reduction in height becomes larger, as shown in Fig.10 l) . The tools are very easy to damage under large deformation without lubrication.
The inner boss of all specimens after compression still keeps in circular shape even when the reduction in height reaches 53.25%. It is observed that the internal diameter of the inner boss can keep straight during the compression test, resulting in the internal diameter easy to be captured for later measuring. For the RCT-IB tests, the internal diameter of the inner boss and the height of each specimen before and after compression were measured using a digital Vernier caliper, and each dimension was obtained from the average of three measurements. The reduction in the internal diameter of the inner boss and the reduction in height were calculated, the friction factors under four different lubricating conditions were determined based on the calibration curves presented in Fig. 7 . As shown in Fig.11 , the averaged friction factors of phosphate coating plus soaping, molybdenum disulfide film, heavy-duty oil lubrication and dry condition were 0.12, 0.17, 0.06 and 0.26, respectively. For further observation, four selected specimens of ring with inner boss after deformation including sample c, e, h and l illustrated in Fig.10 were cut into halves, as shown in Fig.12 . The internal diameter of the inner boss of dry condition (sample l) and MoS 2 film
(sample e) were reduced as compared to the original one without deformation, whilst the internal diameter of the inner boss with phosphating and soaping (sample c) and oil lubrication (sample h) were enlarged because of good lubrication conditions with a friction factor less than m=0.14. These trends of the internal diameter changes of the inner boss showed a good agreement with the above FE simulation results as shown in Fig. 5 . To compare the measured friction factors by using the RCT-IB and the conventional RCT methods, the differences of measured friction factors are between 0.005 and 0.03 and the maximum discrepancy is 15%, as shown in Table1. As shown in Fig. 14 , the bugled inner profile from the compressed rings in the conventional RCT tests (sample 1, 2 and 3) makes it hard to be precisely measured. The minimum inner diameter of the concave profile at low friction conditions and the maximum inner diameter of the convex profile at high friction conditions are not easy to measure using the Vernier caliper or other simple tools. As a result, this would be a possible reason that contributes to relative larger reduction of the inner diameter of the ring and results in a larger friction factor value. As for the oil lubrication (sample 4), there is no obvious bulging at the inner diameter because of a very good lubricating condition achieved. Therefore, this type of heavy-duty oil free of chlorine could be potentially applied to substitute the conventional phosphate coating plus soaping process. As discussed above, keeping a straight edge under friction conditions lower than m=0.5 allows easy measurement of the dimensional changes of the inner boss diameter to be easily and precisely measured This leads to improved accuracy in measuring friction factor in bulk metal forming by using the proposed RCT-IB method. Since the calibration curves of the RCT-IB method are similar to that of the conventional RCT method, it can not only be used to determine the friction factor in cold forging but also be applied in hot forging, whilst the earlier developed RCT-B method [21] is more preferable to be used in cold forging. Compared with the RCT method, the sensitivity of the RCT-IB method is significantly improved when the friction factor is less than 0.1, which can help distinguish the lower friction conditions. Although, the RCT-IB method has almost the same sensitivity as the RCT method when the friction factors are between m=0.6 to m=1.0, the convex shape of the inner boss is still there. In this case, the proposed geometry of ring with inner boss need to be further optimized.
Conclusions
(1) The compression behavior of ring with an inner boss was investigated by experimental work and finite element simulations, which demonstrates that the change of the internal diameter of the inner boss was sensitive to friction.
When the friction factor is lower than 0.5, the internal diameter of the inner boss can keep straight with height reduction, and a convex profile of the inner boss occurs and becomes more visible with the increase of friction factor. This non-concave profile could make the internal diameter of the inner boss easy to be precisely measured.
(2) Based on the analysis of the compression behavior of ring with inner boss, a complementary measuring method of the friction factor in bulk forming by compression of ring with inner boss was proposed. The dimension change of inner boss can be measured more easily and precisely, resulting in high accuracy of the friction factor. For the RCT-IB test, the proportion of ring geometry of the outer diameter, inner diameter, height and the width and height of the inner boss was designed to be 7:4:2:0.4:0.32. In the future, the proportion could be optimized to reach higher sensitivity.
(3) The calibration curves of the RCT-IB method were constructed by the reduction in the internal diameter of the inner boss and the reduction in height of the ring specimens according to FE simulation results. Compared with the calibration curves of the conventional RCT method, the sensitivity of the RCT-IB method at lower friction condition is significantly improved, especially when the friction factor is less than 0.1.
(4) The RCT-IB method was successfully used to measuring the friction factors at interface between steel specimen and tooling under four different lubricating conditions, and the friction factors of phosphating plus soaping, MoS 2 film, oil lubrication and dry conditions could be determined as 0.12, 0.17, 0.06 and 0.26. Meanwhile, the friction factors were also determined by RCT method, and the relative error is 15%.
